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Abstract

This report presents flirther w'ork on the MRL large-scale electric gun facility including
the use of a screened room and a purpose-built safety interlock system, calibration of an "
electric gun using a VISAR velocity interferometer, and tests on two laser break-beam
arrangements for measuring flyer velocity. The VISAR was also used for making velocity
measurements during some impact experiments on several materials to test the suitability
of the facility for obtaining Hugoniot and spall strength data. The materials were Perspex
and Lexan (polymethyl methacrylate and polycarbonate) and aluminium alloy 3105.

The flyer velocities measured using the break-beam arrangements were compared with
those measured by the VISAR. The agreement between the two methods was found to be
poor and inconsistent. High-speed photographs show leakage of plasma past the flyer.
Interruption of the laser beams by the plasma instead of the flyer seems to be the reason for
the poor agreement. The Hugoniot and spall strength data were in general agreement
with published data.
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Calibration and Testing of a Large-Scale
Electric Gun for Shock Hugoniot

Measurements

1. Introduction 0

Research in the area of explosives effects (e.g., initiation and detonation
phenomena, and explosive/target interaction) invariably requires a knowledge of
the behaviour of materials, both inert and reactive, when subjected to shock
waves. Predictions made using simple shock-impedance matching calculations * *
or, for more complex configurations, wave propagation computer codes use in
both cases the known Hugoniot data for the materials of interest. These Hugoniot
data have been typically obtained from impact experiments where plane shock
wave conditions have been generated by flying plates driven by explosives,
exploding bridge foils, or compressed gas [1].

In recent years, the Explosives Ordnance Division of MRL has had a •
requirement to develop its own capability for obtaining Hugoniot data. The
quickest and cheapest way to do this was to construct an electric gun facility,
though the data were expected to be less accurate than that that could be obtained
from a gas gun facility [2]. The electric gun facility could also be adapted for
investigating initiation properties of reactive materials, viz., run-to-detonation and
failure diameter data, and pressure-duration effects ( e.g. Walker-Wasley criterion
[3]).

The initial development of this facility involved the design and experimental
characterization of two electric guns called Boomer I and Boomer II [4). The
present report describes further development of the facility induding the use of a
screened room and a purpose-built safety interlock system, calibration of one of •
the electric guns using a VISAR velocity interferometer [5], and tests on two laser
break-beam arrangements for measuring flyer velocity. The report also describes
some shock impact experiments on several materials to test the suitability of the
facility for obtaining Hugoniot and spall strength data. The experimental
technique for obtaining the Hugoniot data is that described in detail in Podlesak's
et al. report [4]. Briefly, the shock Hugoniot of most materials is given by the •
empirical relationship

U, =c' +sup (1)
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where Us and u are the shock and particle velocities, respectively, co is the
nominal sound velocity in the unshocked material, and s is a constant. Hence, the
measurement of Us and u p is sufficient to obtain the Hugoniot in shock velocity- V)
particle velocity variables. Materials which do not follow (1) can usually be 0
modelled by higher-order polynominials [6]. Most metals are linear while most
plastics are second- or third-order. 4

2. Experimental

2.1 Electric Gun Arrangement

The electric gun arrangement is shown in the schematic diagram in Figure 1 and is
essentially the Boomer II device [41. Circuit currents were measured by means of 0

a Rogowski coil installed around the earthed capacitor terminal. A 1 GQ 1000:1
HV dc-probe was used for measuring the capacitor charge voltage. For
synchronization purposes, a micro-switch operated by movement of a pneumatic
plunger provided a trigger pulse via a capacitor discharge circuit. From
ringdown tests [41 (performed with the transmission line shorted) the circuit 0
inductance and resistance were found to be approximately 160 nH and 8 mQ,
respectively.

2.2 Electric Gun Facility *

2.2.1 Screened Room

Operation of the electric gun presents electromagnetic interference (EMI)
problems for electronic instrumentation and components; this was particularly so
for the photomultiplier tubes (PMTs) used in the VISAR velocity interferometer.
In addition, as the gun was located in an explosives building, a safety study [7]
was undertaken which showed that its operation without suitable shielding
would be an RF hazard for some types of electro-explosive devices that could be
in the building. To obviate both of these problems the gun was enclosed by a
screened room (Fig.2) which employed the principle of double electrical isolation
[8]. The fully demountable, timber framed sides of the room were faced on both
sides with brass mesh.

8 4
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Figure : othe electric gun arrangement.

REi power line filters were mounted at one end of the room next to the safety
earth. When using such filters, a low impedance earth connection is essential to
avoid the possibility of the room reaching unsafe voltages due to leakage currents
M9. The safety earth comprised a 150 x 1 x 2000 mm3 solid copper strap

connecting the room to a 2 m length of copper tubing (Fig.2). After burial to its

full length, the tube was filled from the top with CuSO4 crystals. Holes drilled in

the tube allow the CuSO4 to leach into the surrounding soil to improve the

integrity of the tube/soil contact [101. The inner and outer shields of the room

had a single point connection to the safety earth. The cable feedthrough panel

was connected to the inner shield only. The VISAR laser beam entered the room

through two circular metallic waveguides one each attached to the inner and
outer shields as shown in Figures 2 and 18. The dimensions of each waveguide
(90 mm diameter and 150 mm length) were selected for 100 dB attenuation at
frequencies below 500 MHz using the expression [111 S

9
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S0j,54. ( (2)

where I = attenuation in dB/unit length, X = free space wavelength, and k = 4
cutoff wavelength of the guide.

RFI power

2950 1 Laser beam

11-111 metallic

Coaxial cable feedthroughs waveguide
(signal and -V charging cable)

Figure 2: Exterior view of the screened room. 0 0

2.2.2 Safety Interlock System

A purpose-built Safety Interlock System (SIS) was installed in the facility to ensure 0
that personnel would be safe during operation of the electric gun. The SIS
comprised a Voltage Switching Unit (VSU), a Remote Control Panel (RCP), and an
Interlock Patch Panel (IPP). The RCP and IPP were located in an adjoining room
to the facility (Fig.3).

The VSU was connected to single- and three-phase mains outlets. Two electrical

contactors in the VSU switched the mains to outlets on the VSU but only when an 0
umbilical cord connected the VSU to the RCP. Several single-phase VSU outlets
were used for instrumentation while a single three-phase VSU outlet was used for

the VISAR's argon-ion laser. Two additional contactors in the VSU switched
power to interlocked outlets (one single-phase and one three-phase). The three-
phase interlocked outlet provided power to the HV power supply for charging the 0
capacitor. The interlock contactors required seven sense switches to be closed
before they could be actuated. Sense switches were installed on the doors to the
gun facility, the door to the screened room, the capacitor pull-switch, the walls
within the facility, and in a warning system unit (flashing lights and siren). The
wall-mounted switches were latching switches and provided for emergency shut-

down of the HV equipment. A key release latching switch on the RCP could be 0
used for shutting-down the complete system.

10



The SIS had a fad-safe configuration where the capacitor was connected in series

with a dump resistor in the VSU. With all sense switches closed, turning a key

switch on the RCP operated the interlock contactors. On pressing the charge

button on the RCP, HV vacuum relays in the VSU connected the capacitor to the X)

HV power supply, enabling the capacitor to be charged. When the required 0

charge voltage had been attained, the isolate button on the RCP was pressed to

isolate the capacitor from the HV power supply. The pneumatically operated

pull-switch was then actuated to discharge the capacitor through the transmission

line. The sense switch on the pull-switch then opened, causing the interlock

contactors in the VSU to open, removing mains power from the HV power

supply, and returning the capacitor to the fail-safe configuration. In the event the

capacitor failed to discharge, or the test needed to be aborted, turning the key

switch on the RCP also returned the VSU to the fail-safe configuration.

Electric Gun Facility 0

s 1 0

shan 1 lar e Umbilical

E lectric Gun a Voltage roSulproS.... .•i:::i Switching L serPower
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Figure 3: The electric gun facility and control room.

2.3 Velocity Measurements 0

2.3.1 Flyer Velocity

Relationships between peak flyer velocity and capacitor charge voltage (firing

voltage) were required for use as calibration curves. The peak flyer velocities

were obtained from continuous velocity-time histories measured by means of the 0
VISAR velocity interferometer system shown in Figure 4. The nominal firing

voltage range was 3.0 kV to 7.5 kV.
Several problems were encountered. The velocity measurements needed to be

performed over long flight distances (> 20 ram), there was a large amount of self-

light from the hot plasma produced on bridge burst, and, as switching of the
electric gun was not performed electrically, no ready means for synchronization of 0

PMT operation to bridge burst was available.

11 0
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A 200 mm diameter lens with a focal length of approximately 1150 mm was
used to focus the laser beam on to the target and for the collection of reflec ted
light from the target. With this lens, intensity changes caused by target movement
of > 20 mm were not excessive. The beam reducing telescope usually used with
the VISAR [5] was not needed. The turning mirror (aluminium front coated) was 0
protected by - 10 mm thick Perspex (polymethyl methacrylate) positioned at a
stand-off distance of 50 mm to 100 mm from the launch position. The target-to- 4

lens distance was approximately 1.53 m while the lens-to-VISAR distance was
approximately 3.4 m.

Mirror~n

Figure 4: The MRL VISAR system as used with the electric gun.
L I

The self-light was filtered by the laser line filters in front of the PMTs [5].
However, velocity measurements with the laser beam reflected directly from the
flyer surface (grit blasted) were unsuccessful because the signals from the laser
light returned to the VISAR were found to be low compared to the signals from
the self-light and EMI. The laser was operated at its highest power (= 0.8 W) 0
during these tests. It was subsequently found that successful measurements could
be made by fixing self-adhesive retroreflective tape (No. 7615 Scotchlite,
approximately 0.12 mm thick) to the flyer surface. The tape attenuated the self-
light to a low level while increasing the level of reflected laser light, thereby
improving the signal-to-noise ratio. 0

The PMTs are operated in pulse mode [5] and normally provide an experiment
time of about 0.1 ms. Triggering of the PMTS from the Rogowski coil signal was
attempted but found to be an unsuitable method because of an excessive delay in
the PMT trigger circuitry. It was also found that the trigger circuitry could not be
readily converted for continuous mode operation of the PMTs. Synchronization
was achieved by increasing the experiment time of the PMTs to about I ms (by •
increasing the discharge time constant of the trigger circuit) and using the trigger
pulse from the event circuit initiated by the micro-switch on the pneumatic
plunger (Fig.1).

Aluminium bridge foils [4] with bridge dimensions of approximately 15 nun
length and 10 nun width were used. Two bridge foil thicknesses were tested. The
first series of tests were performed with a bridge foil thickness of 15 "m but these •

12 0
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were found to produce low peak velocities. For the subsequent tests, the bridge

foil thickness was 35 pim.
To assemble the exploding bridge foil, the foil was firstly bonded to a Perspex or

Lexan (polycarbonate) tamper (Fig.5). A piece of Lexan of 0.47 mm thickness was
then fixed over the bridge foil to which the retroreflective tape was then attached.
"Lastly, Perspex or Lexan barrels, generally of 9 mm length and 11.5 mm diameter,

were attached using double-sided adhesive tape. (Several tests were performed
with different barrel lengths or diameters.) Except for the retroreflective tape and

the barrels, the components of the assembly were bonded by means of
cyanoacrylate adhesive.

Exploding
Tamper foil M I

Flying
plate Retroreflector

Figure 5: The exploding bridge foil assembly with tamper, Lexan flyer, retroreflector, and 0

barrel.

The Rogowski coil signal was attenuated by means of a purpose-built voltage
divider (Fig.6). Current-time histories through the coil were calculated fromn 0

i f 'VA dt (3)

S
0

where VA= voltage divider output voltage, a = voltage divider attenuation factor 0
400, and s = coil sensitivity = 22.4 nH [4].
For some tests, the Rogowski coil was used with a passive integrator circuit

(Fig.7). Current-time histories were then calculated using

= --

s (4)

104
4 VR (C~be ý=2.4 nF)

where T = time constant of the integrator = 224 pis, and VR = integrator output
voltage. •

A typical instrumentation arrangement is shown in Figure 8.

13 0
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Screened Room

RG58
coaxial Digital Storage4

Rogowski cable Voltage divider R58Oclsop

R1 50

415:1 Voltage Divider 40i:1 Voltage Divider
R1 = 5 x100 (series) = 50 0 R1 5 x10 Q (series) =50 0
R2=10 x IkW (series) = I0ki) R2 =2 x470 0 (series) =940 0
R3 = 10 x470 ()(parallel) = 47 0 R3 =10 x470 Q(parallel) = 47 0

Figure 6: Pitlse curren t measurement arrangement using a Rogowski coil and voltage
divider.

Screened Room 4

RG58
Roowki coaxial Digital Storagecabl Inegrtor RG58 Oscilloscope

10k

120 p0

FigureZ7 Pulse current measurement arrangement using a Rogowski coil and passive
integrator.
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Screened room 6
Storage

Rogowski

;0

CapacitorPM

Micr'o-sit~ch- Oicii

0

Figure 8: Block diagram of the instrumentation arrangement for the electric gun
calibration and laser break-beam tests.

2.3.2 Laser Break-Bearn and Time-of-Arrival Methods 0

For many impact experiments it would not be possible to measure the flyer
velocity using the VISAR. This would occur, for example, when the target
material is opaque or, for transparent targets, when a retroreflective or suitably
reflective coating canmot be placed on the flyer. Thus use of an alternative * *
method, such as a break-wire and break-beam arrangement 14], would need to be
considered. Tests were conducted to evaluate two different laser break-beam
arrangements of interest.

The first arrangement (Fig.9) used a single 10 mW He-Ne laser beam to provide
an average velocity calculated from the transit time for the flyer to travel from the
launch postion to the beam position. To obtain an estimate of the peak flyer
velocity, the second arrangement (Fig.1O) comprised two closely spaced beams
positioned about 1 mm in front of the barrel exit. A laser line filter was required
in both arrangements to remove self-light collected from the bridge burst. For
some tests, a time-of-arrival (TOA) arrangement (Fig.11) was used concurrently
with the dual break-beam arrangement. Simultaneous velocity measurements
were made using the VISAR.

0
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Barrel

He-Ne laser /

Laser line
filter

S• [PhotodetectorI

Fibre-optic
coupler

Figure 9: Single break-beam arrangement.

Beam

Barrel displacing prism
'• • • •.__--I f He--Ne laser

Laser line
fi fi ter

Fibre-optic cable

Fibre-optic 0

coupler

Figure 10: Dual break-beam arrangement.
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Barrel

Laser

beams
Flyer plate

- 4

Photodetector Fibreoptic

Figure 11: Thefront-on fibre optic impact arrangement. The placement of the front of the
optic fibre and the second laser beam was such that the two were co-linear.

Two different photodetector circuits were used during the break-beam tests. The
first is shown in Figure 12. The second circuit [121 (Fig.13) has a faster response
and was needed to resolve the beam breaks for the second laser break-beam
arrangement.

+5V
+10 to +18 V +5

Slight / "_15o

150 0

2N23239 •

0

Figure 12: Photodetector circuit No.1.
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+10 to +18 V +5 V

"0~
BPX 65A• 5 2N42369"

Figure 13: Photodetector circuit No.2. •

2.3.3 Particle, Shockand Free-Surface Velocity

The techniques used for particle, shock, and free-surface velocity measurements
were limited to optical techniques (interferometry and fibre-optic).

For two transparent materials (Lexan and Perspex), the VISAR was used to
measure the flyer velocity up to the moment of impact with the target. The shock
velocity was calculated from its measured transit time through the target (Fig.14).

The transit time was determined from the intensity variations of the reflected laser
light detected by the PMTs in the VISAR. The particle velocity was assumed to be 0 0
one-half of the flyer velocity. Target thicknesses of no greater than 4 mm were
used to ensure that only the unattenuated shock velocity was measured (i.e., a
target was not thick enough for the shock velocity to have been reduced by lateral
release waves or the rarefaction wave from the flyer's free-surface).

For aluminium alloy 3105 targets, the VISAR was configured for measurement
of the free-surface velocity of the back surface (Fig.15) by reinstalling the beam

reducing telescope and using a 50 mm focal length lens to focus the laser beam on
to the target. The targets were impacted by 0.47 mm thick Lexan flyers. The
nominal firing voltage was 5 kV and the flyer launch position to target distances
used were 12 mm and 25 mm. The flyer and shock velocities were not measured.

18



0

0S~~Barrel ••

Incoming laser beam Fler

I0

Target
Perspex window

Figure 14: The pre-shot arrangement for the impact experiments with the plastic targets. 0

12 or
""25 mm• •

Barrel

Incoming laser beam Flyer
plate

*0'

Target
lens

Perspex window Al target

Figure 15: The pre-shot arrangement for the impact experiments with aluminium
alloy 3105.

In some tests, a He-Ne laser beam was directed at the transparent targets
(Fig.16). The reflection' rom the target surfaces were collected by a fibre-optic
coupler for fibre-optic ,arnage to a photodetector. In this arrangement the shock
transit time was to be determined from detector pulses expected to occur at times
corresponding to loss of reflectivity or the target surfaces due to flyer impact and
free-surface motion.

A typical instrumentation arrangement used for the above tests is shown in
Figure 17.

19
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Figure 16: Arrangement with laser beam for shock transit time measurement.

0_ý0

Rogowski

coil ]Digital storageI PMT

oscilloscopeI trigger unit 0

FignreV17 Block digram of the instrumentation arrangement for the impact experiments.

2.4 High-Speed Photography

High-speed photography was used to show the material or phenomenon being

sensed by the laser break-beam velocity measurement arrangement. Of initial

interest was the air shock ahead of the flyer. To improve its visibility, the air
shock was photographed against a background of alternate black and white lines

on a flat screen (Fig.18). The screen was positioned parallel to, and about 25 mm

from, the line of flight of the flyer. Illumination of the screen was by means of

20
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self-light from the bridge burst. The image converter camera, Imacon 790, was
fitted with a 80-240 mm zoom lens and a No.2 neutral-density filter. The camera

was configured to produce 8 frames at a framing rate of 2x106 frames/s. The U)
camera was triggered via a delay pulse generator which in turn was triggered via

the Rogowski coil signal. The nominal firing voltage for aU tests was 5 kV. Some

tests were performed with barrel diameters of 7 mm instead of 11.5 mm.

Ba ei Screened room walls Neutral

Fl denser

Perspex Perspex /
window window

Inacon 790

80 - 240 mm
zoom lens

Screen
Metallic

waveguides

Screen

.410 mrnp,-

0
0.9 mmm

Figure l: Schematic diagram of the arrangement used for high-speed photography of the
flyer.
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3. Results and Discussion

3.1 Calibration Curves

A typical velocity-time record, along with the Lissajous figure from which it was
calculated, is shown in Figure 19. The peak flyer velocities obtained from these
records are shown plotted against firing voltages in the calibration curves of
Figure 20. 0

The initial portion of the velocity-time record (Fig.19) has several steps
corresponding to shock reverberations in the flyer 1131. Apart from these steps,
the flyer acceleration is smooth indicating that the tamper/bridge foil bond is
sound 114]. The velocity steps occurred for both the 15 pIm and 35 pIM thick bridge
foils. The steps possibly indicate that the bridge foils were too thin [14]. A 0
suggested range for the ratio of flyer thickness to bridge foil thickeness is 5:1 to
10:.1 [151. This indicates that higher velocities might have been obtained if the
bridge foil thickness was in the range 50 to 100 pm. The significant difference in
performance between the 15 gm and 35 pm thick bridge foils can presumably be
explained on this basis. Model calculations [4] have indicated that a bridge foil
thickness in the range 75 to 100 pm should be used. However, subsequent tests 0
[4] with 120 gm thick foils seemed to produce residual aluminium and the flyer
performance was considered not significantly different to that for 25 gm foils (the
velocity measurements were performed with a break-wire technique). One limit
to the range of bridge foil thickness would be skin depth. Using the ringdown
frequency of 28 kHz for the electric gun, the skin depth was calculated to be about
500 pm and therefore bridge foil thickness up to 100 gm are not expected to be a •
problem.

The current signal in Figure 21 shows that the bridge burst occurs about 4 ps
after the initial current rise. Taking the 9 ps quarter-period of the ringdown as a
guide, the bridge burst therefore occurs well before the current peak. The current
rises again after burst and some acceleration due to a Lorentz force could be 0
expected [14]. The increase in flyer velocity (Fig.19) following the initial
acceleration is presumably due to this effect.

2
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S1.5

S0.5

-0.5
0 5 10 15

Time, IJS

Figure 19: Typical velocity-time record and Lissajous figure (inset).

R4
- •*35 pm
E

A15 pm

,x

0

3 4 5 6 7

Firing Voltage, kV

Figure 20:. Peak flyer velocity versus firing voltage calibration curves for the 15 gm and
35 gm thick bridge foils.
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Figure 21: Bridge foil current-time history obtained from integration of Rogowski coil
signal.

Many of the firings did not produce valid flyer velocity data. Some data were
deemed unusable because the VISAR signals were too high (clipped) or low
(noisy), or because the signals were lost before the flyer had reached its peak
velocity (see Section 3.2). For other firings, no flyer velocity data were obtained; * *
typically, this was because of triggering faults. The most frequent triggering fault
was due to vagaries of the micro-switch/pneumatic pull-switch assembly. Many
of the data for the 35 pm thick bridge foils were from the impact experiments
where the firing voltage was about 5 kV.

In impact experiments where the particle velocity is derived from the flyer
velocity but the flyer velocity cannot be measured by the VISAR or some other 0
suitable means, the calibration curves could be used [2]. However, for a given
firing voltage, the predicted peak flyer velocity calculated using the calibration
curve for the 35 pLm bridge foil (Fig.20) would have an uncertainty (3a) of greater
than ± 0.7 mm/ps. For a low flyer velocity (1.5 mm/ps) this corresponds to an
uncertainty greater than ± 45%. 0

To obtain Hugoniot data to an accuracy better than ± 10% requires velocity
uncertainties of less than ± 0.1 mm/ps. Clearly, the velocity versus firing voltage
calibration curves are unsuitable. The reason for the lack of repeatability of the
electric gun was not investigated.

An alternative method for obtaining the flyer velocity during impact
experiments is to measure the flyer transit time from the launch position to the 0
impact position and then calculate the velocity from a peak flyer velocity versus
transit time calibration curve. The data for the curve is obtained by integrating
the velocity-time records mentioned above to obtain distance-time records. Then,
for a given flyer/target stand-off distance, the transit time is extracted from these
records. In this way, for the 35 tim bridge foil and a flyer/target stand-off
distance of 25 mm, the peak flyer velocity versus transit time curve shown in

24
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Figure 22 was obtained. The uncertainty (3a) for a predicted velocity using this
curve is about - 0.3 mm/g.s. .9

0 4-

23.5

U 3-S
0

S2.5.

IL. 2-

9 10 11 12 13 14 Is 16 17

Time of Arrival, ps

Figure 22: Peak flyer velocity versus time of arrival calibration cu rye for a bridge foil
thickness of 35 pm and flyer/target stand-off distance of 25 mam.

3.2 Laser Break-Beam 0 0

Average velocities obtained from the single and double laser break-beam velocity
measurement systems are shown in Figure 23. Included are average values
calculated from distance-time curves obtained by integration of VISAR velocity-
time curves and two average values obtained from the TOA system.

The single break-beam velocities are slightly higher than the VISAR average
values. The rOA values are in close agreement with the VISAR values. However,
the double break-beam velocities are less reproducible than the single break-beam
data and sometimes 50% greater than the VISAR calibration curve. These higher
velocities are similar to those obtained using an infinite barrel (i.e., no barrel)
where the average velocity was measured by means of a break-wire technique [4]. 0
In the present work, three tests were performed with no barrels and a firing
voltage range of 5.0 to 5.05 kv for comparison with eleven of the 11.5 mm
diameter barrel tests that occured in the same firing voltage range. The mean peak
flyer velocities were 2.06 mm/ps (a - ± 0.03 mm/l s) and 2.32 mm/!is
(a = ± 0.3 mm/pis), respectively. The performance of the gun is improved by
about 11% when using the 11.5 mm diameter barrel. •

25



6V
6..- single 88

'7double 85
SI ¶7 • VISAR 3)5 01 TOA

#A A' - calibration 0

E 4

33 - C

r 0

.2 n

00

3 4 5 6 7 8 9

Firing Voltage, kV

Figure 23: Comparison of peak flyer velocity calibration curve with average velocities •
obtained from the laser break-beam, TOA, and VISAR measurement systems.

The high-speed photographs revealed that the beams in the double break-beam
velocity system were probably being triggered by plasma exiting from the barrel
ahead of the flyer (Fig.24), which would explain the high velocities otained with 0 0
this system. The plasma is considered also to be the cause of the loss of VISAR
signals for some shots before the flyer had reached its peak velocity. The leakage
of plasma past the flyer, which would presumably occur in a variable way from
shot to shot, may also affect the flatness and tilt of the flyer and contribute to the
lack of repeatability of the electric gun. 0

The closeness of the average velocities for the single break-beam system to the
VISAR average velocities suggests that the plasma is retained by the flyer until the
flyer is near the barrel exit. Around barrel exit the plasma jets past the flyer

thereby producing the apparently high flyer velocities. The single break-beam
values are more consistent than the double break-beam values which also

suggests that plasma effects are not present, at least until near barrel exit. 0
It was considered that the propensity for the plasma to exit from the barrel

ahead of the flyer was due to the barrel diameter (11.5 mm) being slightly larger
than the bridge width (10 mm). To investigate this, several high-speed
photographs were taken using 7 mm diameter barrels. A significant decrease in
plasma leakage past the flyer occurred (Fig.25).

3.3 Impact

In general, for the transparent targets, the PMT signals showed a rapid increase in
light intensity at impact corresponding to light emission from the compression of 0
air between the flyer and target [16]. The signals then fell rapidly to a very low
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level, followed b' a rapid ikcrease again when the shock reac hed a surface/air
interface (Fig.26). For a laminated target with a small air space at the internal
interface, when the shock arrived at the interface the signals rapidly increased and
then rapidly fell hack to a low level. U,

The compression of the air prevents the clear definition of impact time. In •
addition, the sharpness of the intensity changes at both the front and back
surfaces sometimes would have been affected by non-planar flyer impact (the ,
flatness and tilt of any one flyer at impact was unknown but the high-speed
photographs show that sometimes the flyers are curved and the tilt appreciable).

Thus it was not possible to obtain accurate shock transit times un the target from
the PMT signals. This is reflected in the vertical 'error bars' shown in the shock 0
velocity versus particle velocity plots of Figures 27 and 28 for Lexan and Perspex,
respectively. Each bar is the difference in shock velocity calculated using transit
times tj and t2 (Fig. 26). The shock velocity was taken to be mid-way between the
two values.

The method could be expected to be improved by performing the tests at low air 0
pressures, thereby eliminating the light emission prior to impact, The pressure
pulse from the compressed air would also be eliminated, though this is probably
not a problem because it attenuates rapidly in the target [16]. However, even if
this was done, the accuracy of the shock velocity measurement would still have a
systematic error because the flyer comprises two different layers. The presence of
the retroreflective layer means that the shock velocity attributable to the primary 0
layer is not reached until some finite distance into the target (Fig. 29). The
magnitude of the error depends firstly on the shock impedance mismatch of the
two layers and secondly on the relative target, retroreflective, and primary layer
thicknesses.

Reduction of this error requires the use of a much thinner retroreflective or
reflective layer. Several tests were performed with thin aluminium foil bonded to S 0
the primary layer instead of the retroreflector. The reflectivity of the two foil
surfaces as received were different (specular and matt) but it was found either
could be used. Hugoniot data obtained using 0.47 mm thick Lexan flyers with
35 pim thick aluminium foil on the front surface are shown in Figure 30. Half of
the data were obtained for targets 16 mmx from the barrel muzzle; for the other 0
half the targets were about 1 mm from the muzzle. Further, four of the six data
points were obtained using a smaller barrel diameter, viz. 9 mm. No consistent
trends were found to show the effects of using the different target stand-off
distances and barrel diameters. Moreover, there is no marked improvement in
the quality of the data obtained with the thin aluminium layer compared to the
thicker retroreflective layer. 0

The accuracy of the published data shown in Figures 27, 28, and 30 is not readily
available. From an alternative but less recent source [171, least squares linear fits
(equation 1) to data for Perspex show standard deviations of =- 0.1 mm/ps for the
shock velocity. For comparison, based on the limited range of data obtained, the
experimental techniques used in the present work could be expected to produce 0
standard deviations of the order of 0.5 mm/ps.

Measurement of shock transit times using the laser beaux arrangement (Fig.16)
was unsuccessful because the laser signals were obscured by very much stronger
light signals from the self-luminious plasma.
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FigusreM2: High-speed photograph of plasma and flyer exiting from a 11.5 mm diameter

barrel.
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Figure 26: Schematic diagram of the portion of a PMT signal used for the determination
of shock velocity
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Figure 27: Hugoniot measurements for Lexan from impact experiments using a

laminated flyer (retroreflector on Lexan). The solid line is from published data [6]. 0
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Figure 28: Hugoniot measurements for Perspex from impact experiments using a

laminated flyer (retroreflector on Lexan). The solid line isfrom published data [6].
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Figure 29: Schematic diagram of the shock reverberations which occur with a laminated
flyer. In this diagram the shock impedance of the facing material (2) is very much greater
than that of the backing (1). In addition, the target (3) and the backing are of the same
material. With a thin facing material, such as the aluminium foil of 35 gim thickness, the •

shock velocity in the target will rapidly approach the same value that would be obtained if
the facing material thickness was zero.
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Figure 30 Hugoniot measurements for Lexan from impact experiments using a Lexan
flyer with a thin facing material (35 Ium thick aluminium foil). The solid line is from 0

published data [6].
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In the tests with the aluminium alloy 3105 targets, the flyer velocity could not be
measured either by means of the VISAR or the TOA calibration curve (since the
flyer did not include the retroreflector). However, assuming that the flyer S
velocity was about 2.5 mm/ps, the calculated free-surface velocity, Uf, is
= 1.4 mm/jts. The Hugoniots used in this calculation, for Lexan and aluminium
alloy respectively, were

U, = 2.12+1.86up (5)

U, =5.3+1.35up (6)

The Lexan Hugoniot is a least squares fit to published data [6]. The Hugoniot for
the aluminium alloy is a representative one based on published data for some
other aluminium alloys (1100, 2024, and 6061) [6). The back surface of the targets
spalled, producing a velocity-time history of the form shown in Figure 31. The 0
free-surface velocity was based on the assumption, due to the finite response time
(= 5 ns) of the VISAR PMTs, that one fringe was lost [18]. The amplitude drop
from the peak to the first minimum gave the velocity change, Au (Fig.31). This
enabled the spall strength, as, to be calculated using [19]

as = 1pUA ,,Al (7)
2

where p0 = initial density of the aluminium alloy, and Us= shock velocity in the
aluminium alloy. The results are shown in Table 1. Spall strength data for
aluminium alloy 3105 could not be found in the literature. Spall strength values •
for various aluminium alloys typically are in the range 1 to 2 GPa [20].

4. Conclusions

The MRL large-scale electric gun was calibrated successfully using a VISAR
velocity interferometer. Two different exploding bridge foil thicknesses were
used, viz. 15 gm and 35 gin. In both cases, the flyers were approximately 10 mm
in diameter but with 35 pim thick foils the gun produced higher peak flyer
velocities; these were in the range 1.7 to 3.5 mm/ps for a corresponding firing 0
voltage range of 3.2-7.0 kW.

The gun was found to have low repeatability. Thus, with 35 Jin thick foils, the
uncertainty for a prediction made using the peak flyer velocity versus firing
voltage calibration curve would be greater than ± 0.7 mm/ps. However, it was
shown that by maninulttion of the data, a peak flyer velocity versus time of
arrival (at 25 mm) cal-r-gtion curve could be obtained which would reduce the
uncertainty by a factor of about two.

Laser break-beam methods for measuring flyer velocity, particularly the double
beam variant, consistently produced high velocities and thus were found to be
unreliable. From high-speed photographs, it was inferred that this was due to
leakage of plasma past the flyer. This leakage may have been exacerbated by the
use of a barrel that was slightly larger than the bridge foil.
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Figure 31: Velocity-time record for aluminium alloy 3105 target with spalling of the
ftont surface.

Table 1: Aluminium Alloy 3105 Targets - Spall Strength Results

Calculated Measured Measured
Ufs Ufs Spall Strength

(rm/Ps) (mrm/ps) (GPa)

1.38 1.33

1.50 1.32
1.4 1.27 2.13a 0

1.44 1.54

a. Data dubious as spallation occurred off-centre from the axis of the laser spot.

Shock and particle velocity data were obtained for transparent materials only.

Data obtained for Perspex (PMMA) and Lexan (polycarbonate) from impact
experiments were in general agreement with the known Hugoniots for these
materials. The quality of the data could have been affected by the laminated form
of the flyers (Lexan and retroreflective tape). This form was used to facilitate
calibration. It was subsequently found that Lexan flyers with a thin layer of
aluminium could be used instead. Impact experiments with these gave no

marked improvement.
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The opaque material tested was alumiruum alloy 3105 for which only spall
strength data were obtauied. These data were also in general agreement with the

known spaUl strength for various aluminium alloys.
This work has shown that the electric gun has the potential to be useful for 0

obtaining shock Hugoniot and spal! strength data for materials but in its present
form the Hugonuot data would be imprecise. The gun performance and
measurement techniques are not yet optimal. Different barrel diameters and
bridge foil thicknesses may produce a more consistent and improved
performance. Tests need to be performed with the gun surrounded by a low
pressure environment. Other methods for measuring shock velocity may be
needed and the planarity of the flyers may need to be studied further.
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